We have applied positron annihilation to study point defects in 2 MeV 4 He + -irradiated and subsequently rapid-thermal-annealed ͑RTA͒ InN grown by molecular-beam epitaxy. The irradiation fluences ranged from 5 ϫ 10 14 to 2 ϫ 10 16 cm −2 . The irradiation primarily produces donor defects but the subjects of this work are the acceptor-type defects produced in lower concentrations: V In , in addition to negative-ion-type defects. The heat treatment results in a redistribution of the irradiation-induced point defects. The In vacancies near the film-substrate interface appear restructured after the RTA process, possibly influenced by growth defects near the interface, while deeper in the InN layer, the defects produced in the irradiation are partially removed in the annealing. This could be responsible for the improved transport properties of the annealed films.
Indium nitride, with a direct band gap of 0.7 eV, 1-3 is a promising material for long-wavelength optoelectronic devices, high-speed electronics, and multijunction solar cells. [4] [5] [6] The material has therefore lately attracted increasing attention. Potential device applications, however, have been hindered by the propensity of the material for n-type conductivity and by difficulties in the characterization of p-type samples. 7, 8 The dominant donors causing the high residual electron concentrations in unintentionally doped InN remain debated. Of the native donor defects, nitrogen vacancies ͑V N ͒ have the lowest calculated formation energy 9,10 but their equilibrium concentration is still too low to account for the background carrier concentrations typically observed in high-quality InN ͑ϳ10 17 -10 18 cm −3 ͒. The common unintentional impurities O, Si, and H, on the other hand, behave as shallow donors with low formation energies in InN, 9, 11 and have been found to coexist with high electron concentrations. [12] [13] [14] Compensating In vacancies have also been identified by positron annihilation in InN grown by both molecular-beam epitaxy ͑MBE͒ and metal-organic chemical vapor deposition ͑MOCVD͒. 15, 16 High-energy particle irradiation has been demonstrated as an effective way to control the conductivity of undoped InN by creating donor defects. 17 The electron concentration has been reported to grow linearly with increasing 2 MeV He irradiation fluence up to a saturation level in the mid-10 20 cm −3 . The electron mobility drops in the irradiation but can be nearly fully restored by subsequent rapid thermal annealing ͑RTA͒. 18 In this work, we have used positron Doppler-broadening and lifetime spectroscopy ͑see, e.g., Ref. 19 for an introduction to the techniques͒ to study acceptor-type defects in 2 MeV 4 He + -irradiated and subsequently rapid-thermal-annealed InN films. The samples were grown by MBE on c-sapphire ͑Al 2 O 3 ͒ using AlN and/or GaN buffer layers. The irradiation fluences ranged from = 5.6ϫ 10 14 to = 1.8ϫ 10 16 cm −2 . The samples were 0.6-2.7 m thick so the radiation damage was roughly uniform throughout the layers. 17 The sample annealing at temperatures ranging from 425 to 475°C is described in more detail in Ref. 18 . Based on Hall-effect measurements, the residual electron concentration and electron mobility in asgrown InN were 1 ϫ 10 18 cm −3 and ϳ1500 cm 2 V −1 s −1 , respectively. The electron concentration increased with irradiation fluence up to ϳ4 ϫ 10 20 cm −3 while the mobility decreased all the way to ϳ60 cm 2 V −1 s −1 . The RTA treatment restores the mobility nearly fully with only minor decrease in carrier concentration. 18 For comparison, we also studied similarly irradiated and annealed GaN films ͑2.7 m thick͒ grown by MOCVD on sapphire.
It has been shown in a previous work that He irradiation introduces compensating In vacancies at a rate of 100 cm −1 , which is much lower than the electron introduction rate. 20 Also, the concentration of V In saturates in the mid-10 17 cm −3 range for irradiation fluences above =2ϫ 10 15 cm −2 . However, negative-ion-type defects were also observed that were produced at a much higher rate of 2000 cm −1 , possibly acting as compensation centers ultimately limiting the n-type conductivity of the irradiated films. In similarly irradiated GaN, V Ga were produced at a higher rate of 3600 cm −1 , without observable saturation.
We used variable-energy slow-positron beams to investigate the defect properties of the irradiated and annealed InN and GaN films. Positrons implanted in a solid can get trapped and localized at open-volume defects, especially vacancytype defects, due to the missing ion core repulsion. This results in observable changes in the characteristics of the gamma photons emitted in the eventual electron-positron annihilation. Measurable quantities include the positron lifetime in the sample and the momentum of the electronpositron pair, which is preserved in the annihilation and reflected in the Doppler broadening of the annihilation photons. The lifetime is very sensitive to the open volume of the trapping vacancy up to a few missing atoms whereas the momentum distribution reflects the chemical environment of the trapping defect. The annihilation data can thus be used to determine vacancy concentrations as well as to distinguish between different types of vacancies. In addition to vacancy defects, negatively charged nonopen-volume defects, also termed negative-ion-type defects, can act as shallow traps for positrons and can also be detected in some cases. We used high-purity Ge detectors to determine the Doppler broadening of the 511 keV annihilation line. The conventional lineshape parameters S and W were used, reflecting the low-and high-momentum states of the electron-positron pair, respectively. 19 Figure 1 shows the S parameter at room temperature as a function of positron implantation energy/depth in selected irradiated InN samples before and after the RTA treatment.
The high values of the S parameter at low energies result from annihilations at the surface of the film. At implantation energies above roughly 4 keV, the positrons are annihilated in the InN layer. At higher energies, depending on the thickness of the film, the positrons begin to reach the substrate, causing the S parameter to approach the low characteristic value of the substrate. The increase in the S parameter value in the InN layer after irradiation is due to the presence of V In . 20 The heat treatment can be seen to introduce a depth profile in the defect distribution-in the annealed samples, the S parameter increases heavily toward the film-substrate interface. There also appears to be a correlation between the strength of the effect and the irradiation fluence. In fact, a similar profile is weakly visible in the sample irradiated at the highest fluence already before the RTA process.
To identify the defects in the annealed samples, we plotted the ͑S , W͒ points ͑Fig. 2͒, averaged over two different implantation energy ranges-one corresponding to the region of the InN films far from the film-substrate interface where the S parameter is smallest, termed "layer region" henceforth, and another to the region close to the interface, where S reaches maximum. For comparison, the data from the asirradiated samples are also shown in Fig. 2 . The ͑S , W͒ points are weighted superpositions of characteristic values of different annihilation states in the material. Consequently, in the presence of only a single type of positron-trapping de-fect, they fall on a straight line connecting the points corresponding to the defect in question and the delocalized, or bulk, state in the perfect ͑defect-free͒ lattice. The position on the line depends on the defect concentration. We see that in the layer regions of the films, the points fall on the same line as before the heat treatment, indicating that V In are still present. Their concentration, however, is lower in the annealed films, as the points are closer to the bulk value. Near the interface, however, we find that a different vacancy is present since the points fall on a different line. Positron lifetime experiments showed a strong second lifetime component of roughly 260 ps, equal to the lifetime in V In , throughout the depth of the InN layer, with increasing intensity toward the growth interface. 21 This indicates that the open volume of the near-interface defects is similar to the In monovacancy.
We also performed Doppler-broadening measurements as a function of sample temperature to examine the negativeion-type defects observed in the irradiated films. Figure 3 shows the S parameter in one of the InN films measured at temperatures between 30 and 300 K. The general behavior is similar to that before the RTA treatment, indicating that negative ions are still present. Such defects compete with vacancies in trapping positrons only at low temperatures since their positron binding energy is generally much smaller than that of negative or neutral vacancies. This causes the line-shape parameters to converge with decreasing temperature toward their bulk values.
The defect concentrations can be estimated from the data using the temperature-dependent positron trapping model. We used a typical room-temperature trapping coefficient of 3 ϫ 10 15 s −1 for both V In and the shallow traps. The fits to the data are included in Fig. 3 . In the near-interface region, it was assumed that the unidentified vacancies have the same characteristic S parameter as V In . This approximation is sufficient to show that the negative-ion defects are also present near the interface. More detailed information on the applied model and fitting procedure will be published elsewhere. 22 Figure 4 illustrates the estimated V In and shallow-trap concentrations in the layer region at different irradiation fluences. The RTA is seen to result in a partial recovery of both defect types. The V In concentrations were also estimated from the room-temperature data using the conventional trapping model, and were found to be consistent with the temperature-dependent data.
The behavior of the GaN films after the RTA was different. At lower irradiation fluences of 5.6ϫ 10 14 -2.2 ϫ 10 15 cm −2 the Doppler-broadening data ͑not shown͒ indicated a partial recovery of the irradiation-induced V Ga in the heat treatment, as expected from earlier studies on electronirradiated GaN. 23 Especially, no depth profile was observed in the GaN films. In more heavily irradiated samples, the V Ga concentrations remained above the upper detection limit 20 even after the RTA, which is expectable based on the high V Ga introduction rate in the irradiation.
The above results show that the RTA treatment results in a reorganization of the irradiation-induced defects in the InN films. The heat-treated InN layers are found to contain decreased concentrations of V In and negative ion defects while on the other hand, different In-vacancy defects not observed in the as-irradiated samples appear to form toward the growth interface in the annealing. It is worth noting that similar depth profiles in the positron Doppler-broadening line shape have also been observed in Si-doped InN ͑Refs. 22 and 24͒ and in InN grown by MOCVD with low V/III molar ratios, 16 where the possibility of vacancy clustering near the interface was suggested. To fully identify the nearinterface defects, further work is needed. On the other hand, transmission electron microscopy ͑TEM͒ has shown that the RTA causes structural changes in the irradiated InN films. 25 In as-grown material, elevated dislocation densities were recorded near the interface with the GaN buffer layer in TEM studies while the irradiation was found to produce small dislocation loops. After the thermal treatment, increased densities of dislocation loops were observed, possibly resulting from the agglomeration of irradiation-induced vacancies, and large voids were found at the InN/GaN interface.
It has been proposed that the improved electron mobility in the annealed InN samples could be due to the partial recovery and spatial reordering of triply charged defects acting as scattering centers. 18 Here, we observe a decrease in roughly half to one order of magnitude in the irradiationinduced V In and negative-ion concentrations in the annealing ͑Fig. 4͒. However, as proposed in Ref. 20 , because the irradiated films are heavily n-type, the negative ion concentrations might be underestimated due to screening by free electrons. Since the RTA treatment has little effect on the carrier concentrations, the screening effect in the annealed films should be similar to the as-irradiated samples. Hence, also the drop in absolute negative-ion concentrations might be larger than observed. It is thus possible that these defects ultimately limit the electron mobility in the irradiated films. Tentatively, the negative ions found in the as-irradiated material were ascribed to N interstitials ͑N i ͒ ͑Ref. 20͒ but it seems unlikely that the remaining shallow traps in the annealed films could be associated with nitrogen interstitials, as N i are expected to be very unstable and easily form N 2 molecules. 9 Instead, it should be noted that while the N vacancy cannot be detected with positrons due to its small open volume, the findings of this work, on the other hand, do not rule out the presence of also nitrogen vacancies in the samples. On the contrary, the irradiation is expected to produce a large number of V N , hence retaining the position of the N vacancy as a candidate for the dominant native donor in InN. 9 The behavior of the InN samples is altogether quite different compared to the GaN films. Based on growth studies, the formation of In vacancies in InN is considered to be dominated by the structural properties of the material, such as extended defects that form especially near the growth interface. 15, 16, 26 It is therefore interesting that the growth interface seems to play an important role in the behavior of the irradiation-induced point defects during the RTA, suggesting that their behavior is influenced by the local material structure. The unidentified near-interface vacancies might hence be associated with extended lattice defects, such as dislocations. 14 In summary, we have performed positron annihilation experiments on He-irradiated and subsequently RTA-treated InN grown by MBE. The In vacancies near the film-substrate interface appear restructured after the RTA process, possibly influenced by growth defects near the interface, while deeper in the InN layer, the defects produced in the irradiation are partially removed in the annealing. This could be responsible for the improved transport properties of the annealed films.
